Computational Insights into the Stability and Folding Pathways of Human Telomeric DNA G-Quadruplexes.
G-quadruplex is a noncanonical yet crucial secondary structure of nucleic acids, which has proven its importance in cell aging, anticancer therapies, gene expression, and genome stability. In this study, the stability and folding dynamics of human telomeric DNA G-quadruplexes were investigated via enhanced sampling techniques. First, temperature-replica exchange MD (REMD) simulations were employed to compare the thermal stabilities among the five established folding topologies. The hybrid-2 type adopted by extended human telomeric sequence is revealed to be the most stable conformation in our simulations. Next, the free energy landscapes and folding intermediates of the hybrid-1 and -2 types were investigated with parallel tempering metadynamics simulations in the well-tempered ensemble. It was observed that the N-glycosidic conformations of guanines can flip over to accommodate into the cyclic Hoogsteen H-bonding on G-tetrads in which they were not originally involved. Furthermore, a hairpin and a triplex intermediate were identified for the folding of the hybrid-1 type conformation, whereas for the hybrid-2 type, there were no folding intermediates observed from its free energy surface. However, the energy barrier from its native topology to the transition structure is found to be extremely high compared to that of the hybrid-1 type, which is consistent with our stability predictions from the REMD simulations. We hope the insights presented in this work can help to complement current understanding on the stability and dynamics of G-quadruplexes, which is necessary not only to stabilize the structures but also to intervene their formation in genome.